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ABSTRACT 1 
 2 
In January 2011, Brisbane, Australia, experienced a major river flooding event. We 3 
aimed to investigate its effects on air quality and assess the role of prompt cleaning 4 
activities in reducing the airborne exposure risk. A comprehensive, multi-parameter 5 
indoor and outdoor measurement campaign was conducted in 41 residential houses, 2 6 
and 6 months after the flood. The median indoor air concentrations of supermicrometer 7 
particle number (PN), PM10, fungi and bacteria 2 months after the flood were 8 
comparable to those previously measured in Brisbane. These were 2.88 p cm-3, 15 µg m-9 
3, 804 cfu m-3 and 177 cfu  m-3 for flood-affected houses (AFH), and 2.74 p cm-3, 15 µg 10 
m-3, 547 cfu m-3 and 167 cfu m-3 for non-affected houses (NFH), respectively. The I/O 11 
(indoor/outdoor) ratios of these pollutants were 1.08, 1.38, 0.74 and 1.76 for AFH and 12 
1.03, 1.32, 0.83 and 2.17 for NFH, respectively. The average of total elements (together 13 
with transition metals) in indoor dust was 2296 ± 1328 µg m-2 for AFH and 1454 ± 678 14 
µg m-2 for NFH, respectively. In general, the differences between AFH and NFH were 15 
not statistically significant, implying the absence of a measureable effect on air quality 16 
from the flood. We postulate that this was due to the very swift and effective cleaning of 17 
the flooded houses by 60,000 volunteers. Among the various cleaning methods, the use 18 
of both detergent and bleach was the most efficient at controlling indoor bacteria. All 19 
cleaning methods were equally effective for indoor fungi. This study provides 20 
quantitative evidence of the significant impact of immediate post-flood cleaning on 21 
mitigating the effects of flooding on indoor bioaerosol contamination and other 22 
pollutants.    23 
Keywords: indoor air, particle number, PM10, fungi, bacteria, indoor dust.  24 
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 1 
1. Introduction 2 
 3 
Floods are one of the most common natural disasters and significant flooding 4 
events have often resulted in increased morbidity and mortality throughout the world 5 
(Ahern et al., 2005; Du et al., 2010; Alderman et al., 2012). Based on the Fifth 6 
Assessment Report (AR5) of the United Nations Intergovernmental Panel on Climate 7 
Change (2013), extreme precipitation events over most of the mid-latitude land masses 8 
and over wet tropical regions will very likely become more intense and more frequent 9 
by the end of this century. It implies that major flooding is becoming more frequent and 10 
greater in magnitude as the global climate continues to change (Taylor et al., 2011). 11 
Therefore, the environmental and public health risks associated with major flooding 12 
events are projected to increase in the future.  13 
Flooded areas can become a source and reservoir for pathogens which can impact 14 
the health of the residents through various transmission pathways (Taylor et al., 2011). 15 
Damp and flooded dwellings can support microbial growth, including mould, bacteria, 16 
and protozoa, as well as persistence of flood-borne microorganisms (Taylor et al., 17 
2013), One of which is aerosolisation of part or all of the micro-organisms into the 18 
indoor air. Exposure to fungal contamination can lead to infectious disease and other 19 
health effects which can impact on the respiratory system, skin and eyes. Adverse health 20 
effects can be categorized as infections, allergic or hypersensitivity reactions, or toxic 21 
irritant reactions (Metts 2008). However, the role of floods in this process is still not 22 
well quantified (Hsu et al., 2011).  23 
Laboratory-based examination of the aerosolization of culturable and total fungi, 24 
(1-3)-b-D glucan and endotoxins from eight flood-affected floors and bedding material 25 
samples collected from New Orleans homes following Hurricane Katrina was conducted 26 
by Adhikari et al., (2009). Their results indicated that significantly higher levels of these 27 
 4
contaminants were observed in the flood-affected materials compared to other studies 1 
conducted in urban homes. At the same time, the levels of culturable and total fungi 2 
found in these materials were slightly lower than those previously reported for moldy 3 
buildings. Molds and mycotoxins in indoor dust samples after the same event were also 4 
analyzed by Bloom et al. (2009). They reported that the most commonly found mold 5 
taxa were Aspergillus, Cladosporium and Penicillium.  6 
Increased levels of airborne indoor microbes (bioaerosols) after major flooding 7 
events have been reported in a number of studies (Ross et al., 2000; Khan and Wilson, 8 
2003; Fabian et al., 2005; Chew et al., 2006; Solomon et al., 2006; Rao et al., 2007; 9 
Schwab et al., 2007; Adhikari et al., 2009; Hsu et al., 2011, Hoppe, et al., 2012). The 10 
average indoor and outdoor spore concentration levels varied significantly from study to 11 
study and from region to region. In addition to different climatic regions, and sampling 12 
methodology, one explanation for this large variation in concentration may also be the 13 
different response times and methods used to clean-up after flood. However, there is 14 
very limited information available on these parameters in previous studies. Chew et al. 15 
(2006) conducted a study to characterize airborne mold and endotoxins throughout all 16 
phases (before, during and after) the cleanup process in three houses in New Orleans, 17 
which sustained between 0.3 and 1.8 m of flood damage from Hurricanes Katrina and 18 
Rita. They reported that after the intervention, which included disposing of damaged 19 
furnishings and drywall, cleaning surfaces, drying the remaining structure and treatment 20 
with a biostatic agent, the levels of mold and endotoxins were generally lower than pre-21 
intervention levels. Recently, Hoppe et al. (2012) showed that proper post-flood 22 
remediation led to improved air quality and lower exposures among residents living in 23 
flooded homes.  24 
 5
In January 2011, about 22,000 Brisbane homes and 7,600 businesses across 94 1 
suburbs experienced major or partial inundation by flood waters from the Brisbane 2 
River. After the flood waters had receded, the local authorities organized an immediate 3 
and extensive clean-up operation to remove wet materials and dry out the building 4 
structures. To provide a better understanding of the impact of the flood and to test the 5 
hypothesis that the cleaning prevented high post flood contaminations, the main 6 
objectives of this work were: 1) to assess the effect of flooding on indoor and outdoor 7 
PN and PM10, airborne culturable fungi and bacteria concentrations, as well as fungal 8 
flora; 2) to investigate the effect of flooding on the concentration of inorganic elements 9 
in indoor dust; 3) to analyze the correlations between indoor and outdoor concentration 10 
of the pollutants, as well as indoor inorganic elements in indoor dust; 4) to analyze the 11 
role of different cleaning approaches on improving indoor air quality; and 5) to compare 12 
the results with the limited data currently available in the literature.  13 
 14 
2. Experimental Methods 15 
 16 
On 13 January 2011, flood waters in the Brisbane River peaked at 4.46 meters in 17 
Brisbane City and remained elevated until 14 January. The height of water in the 18 
flooded houses ranged from 5 to 270 cm. The Brisbane City Council Local Disaster 19 
Management Group organized a “Mud Army” of volunteers to assist with clean-up 20 
activities immediately after the flood waters receded.  21 
Approximately 23,000 volunteers registered for the first weekend (15-16 January) 22 
of the clean-up. They were allocated to sectors and then transported to them by Council 23 
bus to assist residents and business owners with debris removal and other cleaning 24 
activities. On the second weekend (22-23 January 2012), a large number of parks were 25 
cleaned. Council’s call for assistance was also answered by many volunteers who did 26 
 6
not register. It is estimated that there were between 50,000 and 60,000 volunteers who 1 
assisted over the second weekend clean-up activities.  2 
2.1. The sampling sites and houses 3 
Nine residential suburbs of Brisbane located along the banks of the Brisbane River 4 
that were affected by the flood were chosen as the measurement sites. Median family 5 
income, as reported by the 2011 Census, ranged from AU$52,208 to AU$123,968 for 6 
the nine residential suburbs. We delivered almost 600 invitation letters in this area and 7 
sent an email invitation via the QUT's media office (with a mailing list size of 2,000 8 
recipients). Following this, a total of 41 houses were enrolled, of which 24 were flooded 9 
and 17 were not flooded. The latter were used as controls. The houses represented a 10 
variety of age, building material and design style. The general house characteristics are 11 
described in Table S1 in Supporting Information.  12 
2.2. Instrumentation and methodology 13 
Airborne Particulate Matter: Indoor and outdoor total supermicrometer PN 14 
concentration (from 0.54 to 19.81 m) were measured by a TSI Model 3312A 15 
Ultraviolet Aerodynamic Particle Sizer (UVAPS) (TSI Incorporated, St. Paul, MN, 16 
USA), with the time resolution of 20 seconds.  17 
Two TSI Model 8520 DustTrak aerosol monitors (TSI Incorporated, St. Paul, MN, 18 
USA) were used to simultaneously measure indoor and outdoor PM10 concentrations. 19 
Since the instrument does not measure actual gravimetric values, and in order to obtain 20 
values closer to true PM10 concentrations, all of the DustTrak data were corrected based 21 
on comparison of the DustTrak readings with readings from a TEOM monitor (50°C 22 
R&P 1400a) at QUT.  23 
 7
Bioaerosols: Culturable, viable fungi were collected using a Biotest RCS HIGH 1 
FLOW (Biotest Hycon, Art. No. 940210, Ser. No. 30709) centrifugal impact air 2 
sampler, for 20 L, 50 L and 100 L air samples, at flow rate of 100 L min-1. Since the 3 
concentration of culturable molds in the flooded houses was not known, three sampling 4 
volumes were used for the first five houses, in order to ensure the sufficient amount of 5 
material was collected. Rose Bengal agar strips were used for collecting the samples, 6 
which were incubated at 28 °C for four days, prior to counting by direct visual 7 
inspection. Partial identification as Penicillium, Cladosporium and Aspergillus to a 8 
genus level was conducted after seven days incubation. The chosen fungal genera were 9 
those frequently occurring indoors, in both Australia and other places in the world 10 
(Hargreaves et al., 2003; Wu et al., 2000; Jo and Seo, 2005; Salonen et al., 2007; 11 
Mandal and Brandl, 2011). Aspergillus and Penicillium species were targeted, as they 12 
can be toxic at elevated levels, due to their ability to produce mycotoxins. 13 
Cladosporium has been known to cause several different types of infections, including 14 
skin, eye, sinus, and brain infections. Cladosporium has also been associated with 15 
allergies and asthma (CEN 2014).  16 
Culturable bacteria were assessed using the same Biotest RCS HIGH FLOW 17 
centrifugal impact air samplers, for 100 L samples. Tryptic soy agar strips were used 18 
and incubated at 32 °C for three to four days to permit quantification. The results of 19 
culturable fungi and bacteria were expressed as colony-forming units per cubic meter of 20 
air (cfu m-3).  21 
Dust elemental composition: Dust samples were collected by passive sampling on 22 
a 1 m2 glass panel, which was placed in the living room of each house for one week. 23 
The KimWipe tissues used for the dust collection were first pre-cleaned by sonication 24 
for 5 min in 3:1 volume to volume mixture of acetone and Milli-Q water (18.2 MΩ cm). 25 
 8
After drying the tissues were placed in pre-cleaned sampling tube and weighed. The 1 
dust was sampled at each house using the tissue to wipe the dust form the glass and 2 
weighed to determine the mass of dust collected. The tissue with the dust was 3 
microwave digested in 15 mL of concentrated HNO3 for 15 minutes at 180°C. The 4 
diluted digest was analysed by Inductively Coupled Plasma Mass Spectroscopy (ICP-5 
MS) (Model Agilent 7500ce) according to the method described in Lim et al (2006). 6 
The concentrations of 24 elements, including: Li, Be, Na, Mg, Al, K, Ca, As, Sr, Ba and 7 
Pb, together with the transition metals Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Cd, Ir and 8 
Hg were determined. Prior to each analysis the ICP-MS was auto-tuned and calibrated 9 
using standards prepared from TraceCert (Sigma Aldrich) standard solutions. All 10 
reported elemental concentrations were field blank corrected, using blank solutions 11 
prepared by digestion of clean KimWipe tissues.   12 
Other parameters: A TSI Model 7545 Q-trak was used for the measurement of 13 
indoor and outdoor CO, CO2, temperature and relative humidity. Weather data from the 14 
Bureau of Meteorology, and ambient air quality data from the Department of Science, 15 
Information Technology, Innovation and the Arts (DoSITIA) Queensland, were also 16 
obtained for the duration of the sampling periods.  17 
Housing questionnaire: A questionnaire was developed and used in this study to 18 
gather information in relation to the impact of different clean-up methods on 19 
microbiological and particle concentrations, as well as the relationship between indoor 20 
air quality and house characteristics. The questionnaire (website: 21 
www.qut.edu.au/research/ilaqh/floodprojectquestionnaire/) was approved by the QUT 22 
Human Research Ethics Committee.  23 
2.3. Study design  24 
 9
Since fungi and bacteria concentrations are known to be highly seasonal (e.g. Cho 1 
et al., 2008; Adhikari et al., 2009, Mentese et al., 2012), and given that Adhikari et al. 2 
(2009) observed decreases in fungi concentration for up to two-years following the 3 
flooding event in New Orleans, two sets of measurements were conducted, one from 21 4 
March – 03 May, 2011, (two months after the flood) during the Australian autumn, and 5 
the second from 18 July – 12 August, 2011 (six months after the flood), during the 6 
winter. The second set was conducted in 26 houses (15 owners/residents were not 7 
willing to continue their participation in this study), of which 16 were affected by the 8 
flood. 9 
Sampling at each house was conducted for approximately three hours. The two 10 
DustTrak measured simultaneously indoor and outdoor PM10 concentrations 11 
respectively. The UVAPS measured outdoor air for 15 minutes, followed by 15 minutes 12 
of indoor measurements in the living room. Each of these UVAPS measurements was 13 
repeated twice (in total 3 times outdoor and 3 times indoor). The Q-Trak measured 14 
indoor and outdoor CO, CO2, temperature and relative humidity with the UVAPS. For 15 
culturable fungi, eighteen indoor samples (nine from the living room and nine from the 16 
main bedroom) and nine outdoor samples (from the outdoor control site) were collected 17 
for each of the first five houses. For the remaining houses, six indoor samples (three 18 
from the living room and three from the main bedroom) and three outdoor samples 19 
(from the outdoor control site) were collected for each house. For culturable bacteria, a 20 
total of nine samples (three outdoor, three in the living room and three in the main 21 
bedroom) were collected for each house. Additional culturable fungi and bacteria 22 
measurements were conducted in the garage of 15 houses during the first round 23 
measurements. After the measurements and sampling were completed in each house, a 1 24 
m2 glass panel was placed in the living room for one week, for the purpose of collecting 25 
 10
dust samples. A schematic diagram of the instrumental set up for indoor and outdoor 1 
measurements and fungi and bacteria sampling is provided in Supporting Information 2 
Figure S1. During outdoor measurement, instruments were placed 1 to 5 meters away 3 
from the house. The sampling heights for both indoor and outdoor instruments ware 1.4 4 
to 1.7 meters.  5 
2.4. Data processing and analysis 6 
Houses were classified as those affected (AFH) and not affected by the flood 7 
(NFH). The flood affected houses were further classified according to the cleaning 8 
methods used and/or the progress of the clean-up, including time taken to clean up, the 9 
use of detergent and whether remediation works had been completed or were still in 10 
progress. Comparisons between these groups were made using the Mann-Whitney U 11 
test (nonparametric equivalent of Student's t-test) for median values and two sample 12 
independent t-tests for mean values. Correlations were investigated using Pearson's 13 
correlation analysis. The p = 0.05 level of significance was used in this study, and all 14 
analyses and plots were performed using IBM SPSS statistical software (v19).  15 
 16 
3. Results and Discussion 17 
The range of average meteorological parameters during the first round of 18 
measurements was 2 - 19 km/h for wind speed, 14 - 23 C for minimum temperature, 22 19 
- 34 C for maximum temperature and 34 - 91% for relative humidity. During the 20 
second round, conducted during the winter, the ranges were: 2 - 20 km/h, 6 - 12 C, 18 - 21 
24 C and 25 - 80%, respectively. Overall, it can be seen that, due to Brisbane’s 22 
subtropical climate, the main difference between the two measurement rounds was the 23 
temperature, with a relatively small difference of 10 C.    24 
 11
The indoor and outdoor PN, PM10, fungi and bacteria concentrations for AFH and 1 
NFH in the first and second round are summarized as box plots in Figure 1. A detailed 2 
description of the results is given in the following sections. 3 
3.1 Particle number and mass concentrations  4 
A summary of the indoor and outdoor average and median PN and PM10 5 
concentrations, as well as indoor/outdoor (I/O) ratios and flood-affected/non-affected 6 
ratios is given in Table S2 in Supporting Information for both rounds. It can be seen 7 
from Figure 1 that, in general, for both rounds, the total indoor and outdoor average and 8 
median PN concentrations in the AFH were comparable to those in the NFH, and the 9 
analysis showed there were no statistically significant differences between them. In the 10 
first round, average indoor PN concentrations for AFH ware significantly higher than 11 
outdoor concentrations, however the median value was not. In the second round average 12 
indoor PN concentrations for both AFH and NFH were significantly higher than 13 
outdoor levels, which implies that there were indoor particle sources in the houses 14 
tested.  15 
Although total indoor and outdoor average and median PM10 concentration levels 16 
for AFH were somewhat higher than those for NFH, these differences were not 17 
statistically significant. Indoor median PM10 concentration levels for AFH were the 18 
same as for NFH. For both AFH and NFH, average and median indoor PM10 19 
concentrations were significantly higher than outdoor concentrations.  20 
A comparison of the average indoor and outdoor PN and PM10 concentrations for 21 
the 26 houses which participated in both rounds is presented in the Figure 2. A 22 
summary of the concentration ratios is given in Table S3 in Supporting Information. 23 
Both indoor and outdoor average PN concentrations in the first round of measurements 24 
were higher than those in the second round, for both groups of houses (see Table S3 and 25 
 12
Figure 2). Except for indoor PN concentrations in NFH, these differences were 1 
statistically significant. With the exception of outdoor PM10 concentrations for AFH, 2 
which were significantly lower in the first round compared to the second round, there 3 
were no statistically significant differences between PM10 concentrations for both 4 
rounds. There were also no statistically significant differences between the average and 5 
median values for these 26 houses.  6 
These results suggest that, in terms of PN and PM10 concentration, there was no 7 
quantifiable effect of the flood on indoor air quality in AFH. However, the results from 8 
the first and second round of measurements showed that there were some indoor PM10 9 
and PN sources in both groups of houses, which makes differentiating their effects from 10 
those due to flood difficult.  11 
There was no PM10 and only one PN concentration data available for AFH in 12 
literature. Chew et al., (2006) reported that average total PN concentration (size range 13 
from 0.3 to 20 µm) for an AFH were higher during the renovation (about 200 p cm-3) 14 
than before renovation (about 70 p cm-3). Morawska et al. (2001) reported that average 15 
indoor supermicrometer PN concentration in 16 residential houses in Brisbane was 2.5 16 
± 1.76 p cm-3. The PN levels observed in this study (from 1.81 ± 0.99 to 3.22 ± 1.52 p 17 
cm-3) are similar to those previously reported by Morawska et al. (2001), but lower than 18 
those reported by Chew et al., (2006). These results imply that the flood did not affect 19 
indoor concentration levels in relation to PN concentration.  20 
3.2 Fungi and bacteria concentrations  21 
A summary of the average and median culturable fungi and bacteria concentrations, 22 
as well as I/O ratios, for both rounds is presented in Table S4 in Supporting 23 
Information. Since both the indoor and outdoor bacterial sampling strips for House 37 24 
were overgrown with spreading colonies, there is no bacterial data available for this 25 
 13
house. Although both indoor and outdoor average fungi concentrations in AFH are 1 
higher than those in NFH, the differences were not statistically significant. For both 2 
groups, average indoor fungi concentrations were lower than those outdoors.  However, 3 
the difference was only statistically significant for NFH.  4 
The most frequently isolated fungi genus from the indoor air in both AFH and NFH 5 
was Penicillium, followed by Cladosporium. In outdoor air, the prevalent fungal genus 6 
for AFH was Cladosporium, while for NFH the occurrence of Cladosporium and 7 
Penicillium was similar. The occurrence of Aspergillus was much lower for both types 8 
of houses, in both indoor and outdoor air. The occurrence of other fungal genera in 9 
indoor and outdoor was higher in NFH than AFH.  10 
There were no statistically significant differences between AFH and NFH for both 11 
indoor and outdoor average bacterial concentrations; however the outdoor average 12 
bacterial concentrations in AFH were higher than NFH, while their median values were 13 
the same. It can also be seen from Table S4 in Supporting Information that the average 14 
indoor bacterial concentrations were significantly higher (76% and 117%, p < 0.05) 15 
than average outdoor bacterial concentrations.  16 
A comparison of living room and bedroom fungi and bacteria concentrations 17 
showed that, with the exception of fungi concentrations for NFH, there were no 18 
significant differences between fungi and bacteria concentrations in these two rooms. 19 
There were significant correlations between the living room and bedroom fungi and 20 
bacteria concentrations for both AFH and NFH (data not shown).  21 
An additional 15 culturable fungi and 4 bacteria measurements were just conducted 22 
in the garages of 15 houses in the first round. The average fungi concentrations in 23 
indoor and garage air were 928 ± 421 cfu m-3 and 1579 ± 1419 cfu m-3 in 13 AFH, and 24 
651 ± 12 cfu m-3 and 1427 ± 32 cfu m-3 in 2 NFH, respectively. The average bacteria 25 
 14
concentrations in the indoor and garage air were 153 ± 41 cfu m-3 and 73 ± 48 cfu m-3 in 1 
4 AFH, respectively. Although the median garage fungi concentrations were higher than 2 
those in the indoor air, these differences were not statistically significant. The 3 
differences in bacteria concentration were also not statistically significant.  4 
For the second round, there was no statistical difference in fungi and bacteria 5 
concentrations between the two group houses, for both indoor and outdoor air (see 6 
Table S4). However, average and median indoor fungi concentrations in AFH were 7 
lower (p < 0.05) than those outdoors, while average and median indoor bacteria 8 
concentrations in AFH were higher (p < 0.05) than those outdoors.  9 
A comparison of the average indoor and outdoor fungi concentrations, and indoor 10 
and outdoor bacteria concentrations for the 26 houses is also presented in Figure 2. A 11 
summary of the concentration ratios is also given in Table S3 in Supporting 12 
Information. It can be seen from Figure 2 and Table S3 that both indoor and outdoor 13 
fungi and bacteria in the first round exhibited lower concentrations than those in the 14 
second round for both groups of houses. These differences were only statistically 15 
significant for indoor and outdoor bacteria, as well as outdoor fungi in NFH. A 16 
comparison of the percentage of the isolated fungi genera in the first and second round 17 
is given in Supporting Information Figure S2. It is apparent that the percentage of 18 
Penicillium increased in the second round (from 22~36% to 40~63%) for both indoor 19 
and outdoor air, and for both groups of houses, while, in contrast, the indoor percentage 20 
of Cladosporium decreased. Since fungi concentrations are known to be highly seasonal 21 
(Bartlett et al. 2004, Frankel et al. 2012), seasonality may be one possible explanation 22 
for these changes.  23 
These results further imply that there was no measureable effect of the flood in 24 
relation to either fungi or bacteria concentrations. However, it should be noted that in 25 
 15
subtropical areas outdoor sources of fungi were the main contributors to indoor fungi 1 
concentration levels in all seasons, and the “normal” background fungal concentrations 2 
frequently exceed 1000 cfu m-3 (Hargreaves et al. 2003). Thus, the difference between 3 
outdoor and indoor concentrations or association between indoor fungal concentrations 4 
and moisture damages were not always detected, although there may be mould/moisture 5 
damages in building structures. For culturable bacteria, the main contributors were 6 
indoor sources.  7 
At present, culturable fungi concentrations in AFH have been reported in 8 studies, 8 
under different sampling conditions (including number of houses tested, period of 9 
sampling after flooding, stage of the remediation process, etc) and a summary of these 10 
studies is presented in Table 1 and compared with the results of the present study.  11 
The earliest work to assess the effects of flooding was that of Pearce et al. (1995), 12 
who conducted long-term monitoring of indoor and outdoor culturable fungi 13 
concentrations in 8 AFH. Their results suggested that simply cleaning, disinfecting and 14 
drying flooded surfaces would not prevent mold contamination from persisting long 15 
after the floodwaters had subsided, unless some strategy for decontaminating hidden 16 
surfaces could be devised. Curtis et al. (2000) conducted long-term continuous 17 
measurements (monthly) in a total of 45 houses and found that fungi concentrations 18 
were not significantly greater in the AFH versus NFH. Ross et al. (2000) measured 19 
indoor levels of mold spores over a 7 month period in 44 asthmatics' homes (17 of 20 
which were AFH), starting 1 year after the flood. Indoor and outdoor culturable fungi 21 
concentrations in 8 cleaned and reoccupied houses (plus 1 NFH) were tested several 22 
months after a major flood by Fabian et al. (2005), who found significantly higher 23 
airborne microorganism levels in the AFH versus the NFH, and in many cases the 24 
difference was between 2 and 3 orders of magnitude. The authors suggested that the 25 
 16
flooded building materials were sustaining high aerosol bioburdens and contributing to 1 
poor indoor air quality more than 3 months after the structures had been remediated 2 
following flood damage. Chew et al. (2006) measured indoor and outdoor culturable 3 
fungi concentrations before, during and after remediation in 3 AFH, 4-6 months after 4 
the flooding and reported that indoor culturable fungi concentrations decreased after 5 
remediation had been completed. Rao et al. (2007) measured airborne mould 6 
concentrations in 20 houses (15 moderately/heavily water-damaged houses and 5 mildly 7 
water-damaged houses) and found that culturable fungi concentrations were 8 
significantly higher in the moderately/heavily water-damaged houses than in the mildly 9 
water-damaged houses. Rabito et al., (2008) measured indoor and outdoor mold levels 10 
in 54 houses after remediation twice (6-7 months and 8-9 months after the flooding) and 11 
found that both indoor and outdoor culturable fungi concentrations decreased. Recently, 12 
Hsu et al. (2011) compared the difference between fungal concentrations before and 13 
after a flood in 14 AFH, and found that the average total culturable fungal concentration 14 
decreased after the flood event, although the I/O ratio showed a visible increase.  15 
Several conclusions can be derived from inspection of the data presented in Table 16 
1. Firstly, indoor and outdoor average levels of culturable fungi concentrations vary 17 
widely, within one to three orders of magnitude, in all of these studies, as well as 18 
between the studies. Secondly, flooding can increase indoor and outdoor culturable 19 
fungi concentrations levels in moderately/heavily water-damaged houses and 20 
surrounding areas (Pearce et al. 1995; Fabian et a., 2005; Chew et al. 2006; Rao et al., 21 
2007). However, after remediation, indoor culturable fungi concentrations levels were 22 
likely to decrease (Chew et al., 2006; Rabito et al., 2008 and this study) and about one 23 
year after the flood, the effect is likely to disappear all together (Curtis et al. 2000). 24 
Thirdly, in general, I/O ratios of culturable fungi concentrations in AFH were > 1 25 
 17
immediately after flooding, however following remediation, these ratios were <1 in both 1 
AFH and NFH. Finally, the most frequently isolated fungi genus from indoor and 2 
outdoor air differed between these studies, especially in Fabian et al. (2005), where 3 
Trichoderma was the predominant indoor moulds that was found. However, the local 4 
context in which flooding occurred could be expected to influence these results.  5 
Only 3 studies have reported indoor and outdoor bacteria concentrations in AFH. 6 
Ross et al. (2000) reported indoor bacteria concentration levels (1258 ± 786 cfu m-3) in 7 
44 asthmatics' homes (17 of which were AFH), however no outdoor data was reported 8 
in their study. In Curtis et al. (2000), the mean airborne bacterial concentrations of 45 9 
homes (18 of which were AFH) were 1310 cfu m-3 indoors, with a range of 0 ~ 11,600 10 
cfu m-3, and 1110 cfu m-3 outdoors, with a range of 0 ~ 9100 cfu m-3. Fabian et al. 11 
(2005) found that bacterial colonies cultured on impactor-mounted TSA plates ranged 12 
between 130 and 1100 cfu m-3 indoors, and between 35 and 2700 cfu m-3 outdoors for 8 13 
AFH, with average indoor and outdoor values of 574 ± 382 cfu m-3 and 197 ± 135 cfu 14 
m-3, respectively. For 1 NFH, Fabian et al. (2005) reported that both indoor and outdoor 15 
bacteria concentration were 35 cfu m-3. The bacteria concentrations of the present study 16 
are lower than in the above studies, except for Fabian’s NFH. While only three studies 17 
have reported bacteria CFU, there were others that measured endotoxin, a proxy for 18 
gram negative bacteria exposure. For example in New Orleans homes after Hurricane 19 
Katrina (Chew et al. 2006; Riggs et al., 2008) the concentration of endotoxin in indoor 20 
air were much higher in AFH than in NFA.  21 
In Brisbane, Hargreaves et al. (2003) found that the average indoor and outdoor 22 
fungi concentrations were 810 ± 389 cfu m-3 and 1133 ± 759 cfu m-3, respectively, in 14 23 
residential suburban houses unaffected by flooding. They also reported that the most 24 
frequently isolated fungi genera were Cladosporium, Curvularia, Alternaria, Fusarium 25 
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and Penicillium. Based on a comparison of these findings with the results of this study, 1 
it can be seen that both the outdoor and indoor average mould concentrations reported 2 
by Hargreaves et al. (2003) were within the similar range, and in general, were lower 3 
than the concentrations in AFH and higher than the concentrations in NFH during the 4 
first round of this study. However, the most isolated fungal genus in indoor air was 5 
different between the two studies. 6 
The indoor air mycoflora largely reflected the fungal flora present in outdoor air. 7 
This study agrees with previous studies, in that Cladosporium was the dominant genus 8 
in outdoor air – a result that has been found around the world during all seasons (WHO, 9 
2009). This study also supports earlier findings that Penicillium, a common fungal 10 
genus in indoor air, can easily grow on wet material, and thus, it is the most common 11 
fungal genus detected in moisture damaged areas (Hyvärinen et al. 2002). 12 
Generally, there are no uniformly accepted, or validated, quantitative environmental 13 
sampling methods with which to assess exposure to mould and other agents associated 14 
with damp indoor environments (Mazur and Kim 2006, ACGIH 2009, Frankel et al. 15 
2012). The RCS High Flow instrument has a particle diameter cut off size (d50) of 2-5 16 
µm (Millipore 2003), which meets the cut off size requirements for most of the fungal 17 
spores in indoor environments (2 to 4 µm in aerodynamic diameter) (Reponen, et al., 18 
1994, Reponen, et al., 2001), and thus, the RCS High Flow instrument is suitable for 19 
collecting indoor fungal spores.  20 
Sampling duration is an important consideration in the determination of collection 21 
efficiency. Short sampling times are associated with increased variability among 22 
samples and with results that in general are not representative of the prevailing air 23 
microbiota. Longer sampling times are associated with lower limits of detection, and 24 
therefore are desirable. Sampling techniques that support long-term samples have been 25 
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emphasized (Flannigan, et al., 2001). However, increased sampling duration was 1 
associated with decreased recovery of most genera collected. According Saldanha et al. 2 
(2008) in situations where low airborne spore loads are expected, sampling times of up 3 
to 6 min may be reasonable for the RCS as well as for Andersen N6, but longer 4 
sampling times may yield distorted results.   5 
3.3 Dust elemental composition 6 
In total, 41 indoor dust samples were collected, however 1 sample was 7 
contaminated and re-collecting sample in this house was not achievable, leaving data for 8 
40 samples, of which 23 and 17 were collected from AFH and NFH, respectively. The 9 
inorganic elemental concentrations in the indoor dust from each house are shown in 10 
Figure 3. Of the 24 elements assessed, 8 (Li, Be, V, Cr, Co, Ni, As and Ir) were below 11 
the detection limit in all samples. It can be seen from Figure 3 that the concentration of 12 
elements in the dust samples varied considerably for both AFH and NFH. House 27 13 
showed the highest mass concentration levels for all of the elements, which is likely to 14 
be the result of renovation works that were being conducted in the house during the 15 
sample collection period, and therefore it was excluded from further statistical analyses. 16 
The variation of total mass concentration for all elements among the remaining houses 17 
ranged from 741-5840 µg m-2, with an average of 2296 ± 1328 µg m-2, for AFH and 18 
from 657-3086 µg m-2, with the average of 1454 ± 678 µg m-2, for NFH. Overall, the 19 
total mass concentration for AFH showed a wider variation than for NFH. Statistical 20 
results indicate that the total mass, Ca and Sr concentrations for AFH were significantly 21 
higher than those in NFH. Although Na, Mg, Al, Cu, Zn, Pb, as well as the total 22 
concentration of heavy metals (Mn, Fe, Cu, Zn, Cd, Pb) also showed higher 23 
concentrations in AFH than in NFH (see Figure S3 in Supporting Information), these 24 
differences were not statistically significant.  25 
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The percentage contribution of each element to the total elemental concentration for 1 
the two groups of houses is presented in Supporting Information Figure S4. The first 5 2 
elements (Na, Ca, Al, Fe and K) constituted a dominant fraction of the total dust 3 
(93.4%) in AFH (see Figure S4). For NFH, the 5 dominant elements were Na, Ca, K, Fe 4 
and Al (95.5%). Therefore, the elemental composition of dust from the two groups of 5 
houses was similar.  6 
Again, there was no dust elemental composition data available in the literature for 7 
AFH in the area of this study. In Brisbane, Robertson et al. (2005) collected and 8 
analyzed house dust from 12 residential houses (NFH). A list of the most abundant 9 
elements (%) in this and Robertson’s study is given in Supporting Information Table 10 
S9, the most abundant element, sodium (Na), was not measured and lead (Pb) was not 11 
detected. Therefore, while direct comparison is not possible, it can be seen that the 12 
percentages of Fe, Pb and Zn in this study, in both AFH and NFH, were higher than 13 
those measured in Robertson’s study.  14 
Based on these results (some significant differences, some similarities, lacking 15 
literature data) and considering indoor renovation activities could have contributed to 16 
the observed differences between the two groups of houses, no conclusion can be drown 17 
the effect of the flood by the elemental composition or concentration of indoor dust date 18 
in AFH. While the results do not point to a marked effect of the flood, a more focused 19 
study would have been required to distinguish the effects, if there were any.  20 
3.4 Impact of remediation process on indoor air 21 
Based on the information gathered from the questionnaire, all of the AFH were 22 
cleaned within one week after the flood water had receded. The cleaning methods used 23 
in these houses included just water, water plus detergent, water plus bleach, water plus 24 
disinfectant, water plus detergent and bleach, water plus disinfectant, detergent and 25 
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bleach, and water plus insecticide. In order to determine the impact of cleaning methods 1 
on indoor air quality, all of the AFH were classified into two groups: 'water only' and 2 
'all other cleaning methods' (see Table S5). The results showed that indoor 3 
concentrations of PM10, PN and fungi in the water only houses were lower than those 4 
for houses that used all other cleaning methods, although these differences were not 5 
statistically significant. Further analysis revealed that all six of the water only houses 6 
were cleaned completely and immediately (one or two days) after the flood water 7 
receded. For indoor dust chemical concentrations, nearly all of tested elements were 8 
lower in the water only, than those houses that used all other cleaning methods. The 9 
ratios of elemental concentrations in the houses that used water only versus all other 10 
cleaning methods were all less than one. Statistical results indicated that Na (0.64), Al 11 
(0.41), Ca (0.41), Fe (0.47), Zn (0.19), Sr (0.25) and total (0.51) elemental 12 
concentrations were significantly different between the two groups of houses.  13 
In order to compare the effect of remediation (or renovation) on air quality, all of 14 
the AFH were further classified into two groups, based on whether the remediation had 15 
been completed or was still in progress. There were 8 'in-progress' houses and 16 16 
'completed' houses in the first round of measurements. A comparison of the 17 
concentration results for the two group houses is given in Table S6 in Supporting 18 
Information and shows that while there were some differences between the two groups 19 
of houses, none of them were statistically significant, except indoor fungi concentration. 20 
Similarly, there were no significant differences between the two group of houses in 21 
terms of indoor dust chemical concentrations, although the total chemical elemental 22 
concentration was slightly lower in the houses with remediation still in progress 23 
compared to those in which remediation was completed.  24 
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Further analysis showed that both detergent and bleach were used in the cases for 1 
which the I/O bacteria ratio was lower than 0.80, while houses with an I/O bacteria ratio 2 
higher than 3.00 were cleaned only with water, only detergent or only bleach. Statistical 3 
analyses showed that the average indoor bacterial concentration in the first group of 4 
houses was significantly lower than in the second, which implied that using both 5 
detergent and bleach to clean the houses was a better way to reduce indoor bacteria 6 
concentration levels. In contrast, the results gave no clear indication of the most 7 
effective cleaning methods to reduce indoor fungi concentrations, since many factors 8 
(especially indoor sources and sampling location) can affect I/O fungi ratios. 9 
3.5 Correlations   10 
The correlations between indoor and outdoor concentrations of PM10, PN, fungi and 11 
bacteria concentrations were investigated for both groups of houses. Summaries of these 12 
results are given in Table S7 and Table S8 in Supporting Information, respectively. For 13 
AFH, there were statistically significant positive correlations between indoor and 14 
outdoor PN concentrations, indoor PN and indoor and outdoor PM10 concentrations, 15 
indoor and outdoor fungi concentrations, and also between outdoor fungi and outdoor 16 
bacteria concentrations.  17 
For NFH, in addition to the correlations which were observed in AFH, there were 18 
significant positive correlations between indoor and outdoor PM10 concentrations, 19 
outdoor PN and PM10 concentrations, and negative correlations between indoor fungi 20 
and indoor and outdoor bacteria concentrations.  21 
For both AFH and NFH, there were no statistically significant correlations between 22 
dust inorganic element concentrations and particle (PM10 and PN) or bioaerosol (fungi 23 
and bacteria) concentrations. There was also no correlation between particle and 24 
bioaerosol concentrations.  25 
 23
 1 
4. Conclusion  2 
This is the first study to report on comprehensive investigations of the following set 3 
of parameters in residential houses after a major flooding event: indoor and outdoor PN, 4 
PM10, fungi and bacteria concentrations, as well as indoor dust elemental 5 
concentrations. In general, the study showed that, as expected, the average indoor and 6 
outdoor levels for these parameters varied by up to one order of magnitude for the 7 
houses which were flooded, but also for the houses which were not flooded. Median I/O 8 
ratios were higher than or close one for PN, PM10 and bacteria, but not for fungi. 9 
Although there were some higher average or median concentration levels in AFH than 10 
in NFH, these differences were not statistically significant, except for some inorganic 11 
elements. For both AFH and NFH, there was no any statistically significant correlation 12 
between dust inorganic elemental concentrations and other particle (PM10 and PN) 13 
concentrations, as well as bioaerosol (fungi and bacteria) concentrations. There was also 14 
no statistically significant correlation between particle (PM10 and PN) concentrations 15 
and bioaerosol (fungi and bacteria) concentrations. However, there were statistically 16 
significant correlations between indoor and outdoor PN and fungi concentrations, 17 
respectively, for AFH, as well as between indoor and outdoor PM10, PN, and fungi 18 
concentrations, respectively, for NFH.  19 
The results of this study suggest that there were no quantifiable effects of the flood 20 
in Brisbane on indoor air quality, in terms of PM10, PN, fungi and bacteria 21 
concentrations. The main reasons for these results is likely to be the immediate removal 22 
of flooded materials and the extensive clean-up, both indoors and outdoors, immediately 23 
after the flood water had receded. These results also show that the Brisbane City 24 
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Council Local Disaster Management Group and the “Mud Army” of volunteers made a 1 
very important contribution to the after flood management and recovery process.  2 
 3 
Acknowledgements 4 
The study was partially funded by the Institute of Health and Biomedical 5 
Innovation and the Science and Engineering Faculty, Queensland University of 6 
Technology. We would like to thank to: members of the ILAQH, QUT, in particular, 7 
Dr. James Smith, Ms Rachael Appleby and Mr. Sam Clifford, for their assistance in 8 
numerous ways, Dr. Caroline Duchaine from University Laval, Quebec, Canada and Dr. 9 
Tiina Reponen from University of Cincinnati, USA for their helpful discussions in 10 
relation to this project; Mr Don Neale from the Queensland Department of Science, 11 
Information Technology, Innovation and the Arts (DoSITIA) for supplying the EPA 12 
data, and the owners and occupants of the houses for their help and assistance with this 13 
project.  14 
 15 
16 
 25
References  1 
ACGIH 2009, Guide to Occupational Exposure Values. Cincinnati, Ohio, American 2 
Conference of Governmental Industrial Hygienists.  3 
Adhikari, A., Jung, J., Reponen, T., Lewis, J.S., DeGrasse, E.C., Grimsley, L.F., Chew, 4 
G.L., Grinshpun, S.A., 2009. Aerosolization of fungi, (1→3)-beta-D glucan, and 5 
endotoxin from flood-affected materials collected in New Orleans homes. 6 
Environmental Research. 109, 215–224. 7 
Ahern, M., Kovats, R., Wilkinson. P., Few, R., Matthies, F., 2005. Global health 8 
impacts of floods: epidemiologic evidence. Epidemiologic Review. 27, 36–46.  9 
Alderman, K., Turner, L.R., Tong, S., 2012. Floods and human health: A systematic 10 
review. Environment International. 47, 37-47 11 
Bartlett, K., Kennedy, S. M., Brauer, M., Van Netten, C., Dill, B., 2004. Evaluation and 12 
a predictive model of airborne fungal concentrations in school classrooms. The 13 
Annals of Occupational Hygiene. 48, 547-54. 14 
Bloom, E., Grimsley, L.F., Pehrson, C., Lewis, J., Larsson, L., 2009. Molds and 15 
mycotoxins in dust from water-damaged homes in New Orleans after hurricane 16 
Katrina. Indoor Air. 19, 153–158. 17 
CEN (2014). Fungal Diseases. Cladosporium. Other pathogenic fungi. Available online 18 
at: http://www.cdc.gov/fungal/diseases/other/cladosporium.html, Centers for 19 
Disease Control and Prevention.  20 
Chew, G.L., Wilson, J., Rabito, F.A., Grimsley, F., Iqbal, S., Reponen, T.,  Muilenberg, 21 
M.L., Thorne, P.S., Dearborn, D.G., Morley, R.L., 2006. Mold and endotoxin 22 
levels in the aftermath of Hurricane Katrina: a pilot project of homes in New 23 
Orleans undergoing renovation. Environmental Health Perspectives. 114, 1883–24 
1889. 25 
Cho, S.J., Ramachandran, G., Grengs, J., Ryan, A.D., Eberly, L.E., Adgate, J.L., 2008. 26 
Longitudinal evaluation of allergen and culturable fungal concentrations in 27 
inner-city households. Journal of Occupational and Environmental Hygiene. 5, 28 
107–118. 29 
Curtis, L., Ross, M., Persky, V., Scheff, P., Wadden, R., Ramakrisnan, V., Hryhorczuk, 30 
D., 2000. Bioaerosol concentrations in the quad cities 1 year after the 1993 31 
Mississippi river floods. Indoor and Built Environment. 9, 35–43. 32 
Du, W., FitzGerald, G. J., Clark, M., Hou, X., 2010. Health impacts of floods. 33 
Prehospital and Disaster Medicine. 25, 265-272.  34 
Fabian, M.P., Miller, S.L., Reponen, T., Hernandez, M.T., 2005. Ambient bioaerosol 35 
indices for indoor air quality assessments of flood reclamation. Journal of 36 
Aerosol Science. 36, 763–783.  37 
Flannigan, B., Samson, R.A., Miller, J. D. (Editors). 2001. Microorganisms in home and 38 
indoor work environments: diversity, health impacts, investigation and control. 39 
New York, Taylor & Francis. 40 
Frankel, M.; Bekö, G.; Timm, M.; Gustavsen, S.; Hansen, E. W.; Madsen, A. M., 2012. 41 
Seasonal variation of indoor microbial exposures and their relations to 42 
temperature, relative humidity and air exchange rates. Applied and 43 
Environmental Microbiology. 78, 8289-97. 44 
Hargreaves, M., Parappukkaran, S., Morawska, L., Hitchins, J., He, C., Gilbert, D., 45 
2003. A pilot investigation into associations between indoor airborne fungal and 46 
non-biological particle concentrations in residential houses in Brisbane, 47 
Australia. The Science of the Total Environment. 312, 89-101. 48 
 26
Hoppe, K.A., Metwali, N., Perry, S.S., Hart, T. Kostle, P.A., Thorne, P.S., 2012. 1 
Assessment of airborne exposures and health in flooded homes undergoing 2 
renovation. Indoor Air. 22, 446-456.   3 
Hsu, N.Y., Chen, P.Y., Chang, H.W., Su, H.J., 2011. Changes in profiles of airborne 4 
fungi in flooded homes in southern Taiwan after Typhoon Morakot. Science of 5 
the Total Environment. 409, 1677-1682.  6 
Hyvärinen, A., Meklin, T., Vepsäläinen, A., Nevalainen, A., 2002. Fungal and 7 
actinobacteria in moisture-damaged building materials — concentrations and 8 
diversity. International Biodeterioration and Biodegradation. 49, 27-37. 9 
Jo, W.K., Seo, Y.J., 2005. Indoor and outdoor bioaerosol levels at recreation facilities, 10 
elementary schools, and homes. Chemosphere. 61, 1570-9. 11 
Khan, N.N., Wilson, B.L., 2003. An environmental assessment of mold concentrations 12 
and potential mycotoxin exposures in the greater Southeast Texas area. Journal 13 
of Environmental Science and Health, Part A Toxic/Hazardous Substances and 14 
Environmental Engineering. 38, 2759–2772. 15 
Lim, M.C.H., Ayoko, G.A., Morawska, L., Ristovski, Z.D., Jayaratne, E.R., Kokot, S., 16 
2006. A comparative study of the elemental composition of the exhaust 17 
emissions of cars powered by liquefied petroleum gas and unleaded petrol. 18 
Atmospheric Environment. 40, 3111-3122.  19 
Mandal, J., Brandl, H., 2011. Bioaerosols in indoor environment - A review with special 20 
reference to residential and occupational locations. The Open Environmental & 21 
Biological Monitoring Journal. 4, 83-96. 22 
Mazur, L. J. and Kim, J., 2006. Spectrum of noninfectious health effects from molds. 23 
Pediatrics. 118, E1909-E1926. 24 
Mentese, S., Rad, A.Y., Arisoy, M., Gullu, G., Arisoy, M., Gullu, G., 2012. Seasonal 25 
and Spatial Variations of Bioaerosols in Indoor Urban Environments, Ankara, 26 
Turkey. Indoor and Built Environment. 21, 797-810.   27 
Metts, T., 2008. Addressing environmental health implications of mold exposure after 28 
major flooding. AAOHN Journal 56, 115–120. 29 
Millipore. 2003. Monitoring airborne microorganisms during food and beverage 30 
processing. Comparison of four microbial air samplers. Technical brief; 31 
Millipore: Billerica, MA., pp 1-4.  32 
Morawska, L., He, C., Hitchins, J., Gilbert, D., Parappukkaran, S., 2001. The 33 
relationship between indoor and outdoor airborne particles in the residential 34 
environment. Atmospheric Environment. 35, 3463-3473.  35 
Pearce, M., Huelman, P.H., Janni, K.A., Olsen, W., Seavey, R.T., Velsey, D., 1995. 36 
Long-term monitoring of mold contamination in flooded homes. Journal of 37 
Environmental Health. 58, 6-11.  38 
Rabito, F., Iqbal, S., Kiernan, M., Holt, E., Chew, G., 2008. Children's respiratory 39 
health and mold levels in New Orleans after Katrina: a preliminary look. Journal 40 
of Allergy and Clinical Immunology. 121, 622–625. 41 
Rao, C.Y., Riggs, M.A., Chew, G.L., Muilenberg, M.L., Thorne, P.S., Van Sickle, D., 42 
Dunn, K.H., Brown, C., 2007. Characterization of airborne molds, endotoxins, 43 
and glucans in homes in New Orleans after Hurricanes Katrina and Rita. Applied 44 
and Environmental Microbiology. 73, 1630–1634. 45 
Reponen, T., Hyvarinen, A., Ruuskanen, J., Raunemaa, T., Nevalainen, A., 1994. 46 
Comparison of concentrations and size distributions of fungal spores in 47 
buildings with and without mould problems. Journal of Aerosol Science. 25, 48 
1595-1603. 49 
 27
Reponen, T., Willeke, K., Grinshpun, S., Nevalainen, A., 2001. Biological particle 1 
sampling. Aerosol measurement : principles, techniques, and applications (P. 2 
Baron and K. Willeke Eds.), New York, John Wiley and sons. Inc. 3 
Riggs, M.A., Rao, C.Y., Brown, C.M., Van Sickle, D., Cummings, K.J., Dunn, K.H., 4 
Deddens, J.A., Ferdinands, J., Callahan, D., Moolenaar, R.L., Pinkerton, L.E., 5 
2008. Resident cleanup activities, characteristics of flood-damaged homes and 6 
airborne microbial concentrations in New Orleans, Louisiana, October 2005. 7 
Environmental Research 106, 401–409. 8 
Robertson, S., Ayoko, G., Duigu, J., 2005. Elemental & PAH compositions of house 9 
dust in Brisbane, Australia. In Proceedings: 10th International Conference on 10 
Indoor Air Quality and Climate. 1-5: 1536-1540.  11 
Ross, M.A., Curtis, L., Scheff, P.A., Hryhorczuk, D.O., Ramakrishnan, V., Wadden, 12 
R.A., Persky, V.W., 2000. Association of asthma symptoms and severity with 13 
indoor bioaerosols. Allergy. 55, 705–711. 14 
Saldanha, R., Saldanha, R., Manno, M., Saleh, M., Ewaze, J. O., Scott, J. A., 2008. The 15 
influence of sampling duration on recovery of culturable fungi using the 16 
Andersen N6 and RCS bioaerosol samplers. Indoor Air. 18, 464-472.  17 
Salonen, H., Lappalainen, S., Lindroos, O., Harju, R., Reijula, K., 2007. Fungi and 18 
bacteria in mould-damaged and non-damaged office environments in a subarctic 19 
climate. Atmosperic Environment. 41, 6797-6807. 20 
Schwab, K.J., Gibson, K.E., Williams, D.L., Kulbicki, K.M., Lo, C.P., Mihalic, J.N., 21 
Breysse, P.N., Curriero, F.C., Geyh, A.S., 2007. Microbial and chemical 22 
assessment of regions within New Orleans, LA impacted by Hurricane Katrina. 23 
Environmental Science & Technology. 41, 2401–2406. 24 
Solomon, G.M., Hjelmroos-Koski, M., Rotkin-Ellman, M., Hammond, S.K., 2006. 25 
Airborne mold and endotoxin concentrations in New Orleans, Louisiana, after 26 
flooding, October through November 2005. Environmental Health Perspectives. 27 
114, 1381–1386. 28 
Taylor, J., Biddulph, P., Davies, M., Lai, K.M., 2013. Predicting the microbial exposure 29 
risks in urban floods using GIS, building simulation, and microbial models. 30 
Environment International. 51, 182-195.  31 
Taylor, J., Lai, K.M., Davies, M., Clifton, D., Ridley, I., Biddulph, P., 2011. Flood 32 
management: Prediction of microbial contamination in large-scale floods in 33 
urban environments. Environment International. 37, 1019-1029.   34 
. 35 
WHO. 2009. WHO guidelines for indoor air quality: dampness and mould. 36 
Copenhagen: World Health Organization, 248 pages. 37 
Wu, P.C., Su, H.J., Lin, C.Y., 2000. Characteristics of indoor and outdoor airborne 38 
fungi at suburban and urban homes in two seasons. The Science of the Total 39 
Environment. 253, 111-118. 40 
 41 
  42 
 28
 
Table 1. A summary of the indoor and outdoor average culturable fungi concentrations (× 103 cfu m-3) in flood affected house studies.  
Study Number of 
house 
(Flooded/
Total)a  
Sampling 
taking after 
flooding 
(month) 
Indoor Outdoor Indoor 
Dominated 
species a 
Outdoor 
Dominated 
species 
Remediation  
processc 
RFF 
Chew et al., 2006 
 
Curtis et al., 2000 
Fabian et al., 2005 
 
Hsu et al., 2011 
Pearce et al., 1995 
 
Pearce et al., 1995 
 
Rabito et al., 2008 
 
Rao et al., 2007 
Rao et al., 2007 
Ross et a., 2000 
This study 
 
 
 
 
3/3 
3/3 
18/45  
8/8 
0/1 
14/14 
2/2 
2/2 
6/6 
6/6 
20/54 
20/54 
11/11 
20/20 
17/44 
24/24 
0/17 
16/16 
0/10 
 
4-6 
4-6 
12-19 
several  
 
0.5-1  
5-6  
11-15  
8-9  
16-17  
6-7 
8-9 
1  
1  
12 -19  
2-3 
2-3 
6-7 
6-7 
 
353 (22-515) 
3~20 
2.24 (10-48.45) 
2.20 (±2.24) 
0.035 
13.4 (±11.0) 
9.17 (±7.65) 
1.28 (±1.53) 
0.91 (±1.15) 
0.45 (±0.32) 
0.08d 
0.04d 
6.95 (±0.015)* 
32.7 (±0.013)* 
2.19 (±3.34)  
1.04 (±0.93) 
0.64 (±0.45) 
1.55 (±1.91) 
1.58 (±1.54)  
 
8.00 
10.0 
4.22 (0.050-41) 
0.95 (±0.88) 
0.071 
6.92(±7.85) 
0.10 (±0.02) 
2.67 (±2.08) 
0.32 (±0.22) 
2.31 (±1.45) 
0.78d 
0.15d 
0.98 (±0.004*) 
 
 
1.34 (±1.54) 
0.81 (±0.67) 
2.23 (±2.31) 
1.37 (±0.61)  
 
Pe, As, Pa 
 
As, Pe, Cl  
Tr 
 
As, Pa, Cl, Pe 
Pe, As  
Cl, Pe, As  
Pe, As, Cl 
Pe, As, Cl 
Cl, Pe, Tri, Pa 
 
Pe, As, Cl, Ba 
 
As, Pe, Cl  
Pe, Cl 
Pe, Cl 
Pe, Cl 
Pe, Cl 
 
Pe, As, Pa 
 
As, Pe, Cl  
Pe 
 
As, Pa, Fu, Cl 
Cl, Pe 
Cl 
Cl, As, Pe 
Cl, As, Pe 
Cl, Pe, Tri, Pa 
 
As, Pe, Tr, Pa 
 
Cl, Pe 
Cl, Pe 
Cl, Pe 
Pe, Cl 
Pe, Cl 
 
Before clean 
after 
both 
after 
 
both 
both 
both 
both 
both 
both 
 
N/A 
N/A 
both 
both 
 
after 
 
clear 
 
clear# 
clear 
 
no 
clear 
 
 
 
no 
no 
clear 
 
N/A 
no 
 
 
 
 
Note: a: 0 is for non-affected house; b: As: Aspergillus; Ba: Basidiopores; Pa: Paecilomyces; Pe: Penicillium; Cl: Cladosporium; Fu: Fusarium; 
Tr: Trichoderma; c: In general, cleaning is following by remediation process, both: including both non-finished and finished; d: estimated 
data based on figure; *: Geometric mean (Geometric standard deviation); N/A: not available; RFF: relationship between flooding and 
indoor fungi concentrations, #: but not clear 1 year later.  
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Figure 1 Indoor and outdoor PN, PM10, fungi and bacteria concentrations for affected 
houses (AFH) and non-affected houses (NFH) in the first and second round. Note: 1IN, 
first round indoor; 1OutA, first round outdoor; 2IN, second round indoor; 2Out, second 
round outdoor. The lower and upper boundaries of the box specify the 25th and 75th 
percentiles, respectively. The line within the box indicates the median and the whiskers 
above and below the box indicate the maximum and minimum, respectively. 
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Figure 2 Comparison of the average indoor and outdoor PN, PM10, fungi and bacteria 
concentrations for the 26 houses that participated in both rounds. The vertical lines 
present standard deviation. 
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Figure 3 Indoor dust inorganic elemental concentrations for each house.  
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Supporting Information 
Table S1. Summary of the general house information. 
ID House Type 
Flood 
Affected Age 
Wall/Floor 
Material 
1 House Yes 8 Timber/ Carpet 
2 House NO 100 Timber/ Carpet 
3 House NO 13 Timber/ Carpet 
4 House NO 18 Timber/ Timber 
5 House NO 50 Timber/Timber r 
6 House Yes 60 Timber/Timber 
7 House Yes 40 Brick/Carpet 
9 House Yes 60 Timber/Timber 
10 Unit/Flat Yes 9 Brick/Timber / 
11 Townhouse Yes 22 Brick/Tile 
12 Townhouse Yes 20 Timber/Tile 
13 House Yes 40 Timber/Timber 
14 House Yes 40 Timber/Tile 
15 House Yes 5 Brick/tile 
16 House Yes 7 Brick/Tile 
18 House Yes 2 Brick/Timber 
19 House Yes 20 Brick/tile 
20 House Yes 56 Timber/Timber 
21 House Yes 30 Timber/Tile 
22 House Yes 10 Timber/Timber  
23 Townhouse Yes 12 Timber/Carpet 
24 Unit/Flat Yes 40 Brick/Carpet 
25 Unit/Flat NO 33 Brick/Tile 
26 House Yes 52 Timber/Timber 
27 Unit/Flat Yes 40 Brick/Tile 
28 Unit/Flat NO 30 Brick/Carpet 
29 Unit/Flat NO 10 Brick/Carpet 
30 House Yes 57 Timber/Timber 
31 Unit/Flat Yes 40 Brick/Tile 
32 House NO 90 Timber/Timber 
33 House NO 70 Timber/Timber 
34 House NO 80 Timber/Vinyl 
35 House NO 60 Timber/Timber 
36 Unit/Flat NO 20 Brick/Carpet 
37 House Yes 36 Brick/Concrete 
38 House NO 70 Timber/Carpet 
39 House NO 30 Timber/Tile 
40 House NO 59 Timber/Carpet 
41 House NO 53 Timber/Carpet 
42 house NO 100 Timber/Timber 
43 Office Yes 70 Brick/Carpet 
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Table S2. Summary of statistical results from the first and second round of indoor and 
outdoor particle number concentration (PN: p cm-3) and PM10 concentration (µg m-3) 
measurements in AFH and NFH. 
Flood  PN 
Indoor 
PN 
Outdoor 
I/O 
Ratio 
PM10 
Indoor 
PM10 
Outdoor 
I/O Ratio 
First Round  
Affected Average 3.22  2.73   18  11   
 S.D 1.52  1.29   12  2   
 Min 0.79  0.72 0.81 9  8  0.76
 Max 5.89  5.41 3.13 65  17  5.24
 Median 2.88  2.53 1.08* 15  11  1.38*
             
Non-
Affected Average 2.87  2.67   14  10   
 S.D 1.16  1.28   3  3   
 Min 1.66  0.61 0.63 8  6  0.78
 Max 5.63  5.88 4.69 19  17  2.21
 Median 2.74  2.61 1.03 15  9  1.32*
           
A/Non+  1.12  1.02   1.32  1.13   
A//Non#  1.05  0.97   1.02  1.32   
Second Round  
Affected Average 1.97  1.16   16 16   
 S.D 1.40  1.01   5 6   
 Min 0.47  0.22 0.80 9 8  0.61
 Max 5.49  3.69 5.62 28 28  3.13
 Median 1.35  0.79 1.73* 16 14  0.97
             
Non-
affected Average 1.81  1.57   15 14   
 S.D 0.99  1.00   4 6   
 Min 0.69  0.69 1.00 7 7  0.84
 Max 3.36  3.27 2.15 21 25  1.83
 Median 1.57  0.98 1.08* 16 12  0.99
           
A/Non+  1.09  0.74   1.04 1.10   
A/Non#  0.86  0.80   0.97 1.18   
Note: *: p < 0.05 for indoor and outdoor comparisons or for Affect house and Non-
affected house comparisons; +: ratio of average concentrations of AFH to NFH; #: ratio 
of median concentrations of AFH to NFH. Italics have been used to indicate data pairs 
where the difference is statistically significant. 
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Table S3. Summary of the ratios of concentrations during the first and second round 
measurements in the 26 houses.  
Flood 
Affected 
 PN 
In          Out 
PM10 
In          Out 
Fungi  
  In       Out 
Bacteria 
   In           Out 
Affected Median 2.21*  3.94*  1.06  0.76*  0.67  0.65  0.80*  0.65 
 Min 0.33  0.44  0.51  0.30  0.22  0.10  0.27  0.12 
 Max 10.3  22.4  4.81  1.66  1.86  3.41  2.26  2.34 
                 
Non-
Affected Median 2.08  2.06*  0.95  1.06  0.98  0.55  0.60*  0.46* 
 Min 0.50  0.46  0.48  0.29  0.12  0.11  0.12  0.22 
 Max 3.97  4.41  1.31  1.51  3.53  2.75  1.51  0.95 
Note: *: denotes a data point where concentrations from the first and second were 
significantly different (P < 0.05). 
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Table S4. Summary of statistical results from the first and second round indoor and 
outdoor fungi concentration (cfu m-3) and bacteria concentration (cfu m-3) 
measurements in AFH and NFH.  
Flood 
Affected 
 Fungi 
Indoor 
Fungi 
Outdoor 
I/O 
Ratio 
Bacteria 
Indoor 
Bacteria 
Outdoor 
I/O Ratio 
First Round  
Affected Average 1039  1338    203  123   
 S.D 931  1537    126  93   
 Min 225  450  0.45  63  30  0.36 
 Max 4850  7683  2.40  559  413  8.05 
 Median 804  800  0.74  177  93  1.76* 
             
Non-
Affected Average 638  812    198  86   
 S.D 449  672    110  42   
 Min 234  287  0.45  30  23  0.82 
 Max 2175  3250  1.04  490  197  5.14 
 Median 547  655  0.83*  167  93  2.17* 
             
A/Non +  1.63  1.65    1.02  1.42   
A/Non #  1.47  1.22    1.06  1.00   
Second Round  
Yes Average 1547  2230    265  169   
 S.D 1909  2307    147  101   
 Min 475  533  0.29 87  53  0.64
 Max 8175  9350  1.73 578  400  3.31
 Median 867  1334  0.70* 227  147  1.69*
             
Non-
Affected Average 1583  1370    295  224   
 S.D 1541  611    127  121   
 Min 433  833  0.41 75  40  0.66
 Max 5709  2550  6.23 557  403  6.29
 
Median 1034  1117  0.96 270  237  1.22
             
A/Non +  0.98  1.63    0.90  0.75   
A/Non #  0.84  1.19    0.84  0.62   
Note: *: p < 0.05 for indoor and outdoor comparisons or for Affect house (AFH) and 
Non-affected house (NFH) comparisons; +: ratio of average concentrations of AFH to 
NFH; #: ratio of median concentrations of AFH to NFH. Italics have been used to 
indicate data pairs where the difference is statistically significant. 
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Table S5. Summary of statistical results for indoor and outdoor particle number 
concentration (PN: p cm-3), PM10 concentration (µg m-3), fungi concentration (cfu m-3) 
and bacteria concentration (cfu m-3) measurements in houses that used 'water only' and 
'all other cleaning methods'.  
 PM10  
In 
PM10 
Out 
PN 
 In 
PN 
Out 
Fungi 
In 
Fungi 
Out 
Bacteria 
In 
Bacteria 
Out 
All other methods (18)             
Average 20  12  3.50  2.86  1135  1417  199  131 
S.D 13  2  1.63  1.42  1016  1664  106  104 
Min 10  8  0.79  0.72  342  500  75  30 
Max 65  17  5.89  5.41  4850  7683  465  413 
Median 16  12  3.68  2.60  881  929  181  114 
                
Water only (6)            
Average 13  9  2.38  2.34  751  1100  216  96 
S.D 3  2  0.73  0.78  584  1168  198  28 
Min 9  8  1.17  1.31  225  450  63  70 
Max 17  12  3.29  3.59  1850  3467  559  143 
Median 13  9  2.54  2.23  575  683  168  90 
                
Ratio+ 0.66  0.75  0.68  0.82  0.66  0.78  1.08  0.73 
Ratio# 0.79  0.69  0.69  0.86  0.65  0.74  0.93  0.79 
Note: +: ratio of average concentration of water only method and average concentration 
of all other methods; #: ratio of median concentration of water only method and median 
concentration of all other methods; All p values for the two group houses comparisons > 
0.05. Italics have been used to indicate data pairs where the difference is statistically 
significant. 
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Table S6. Summary of statistical results for indoor and outdoor particle number 
concentration (PN: p cm-3), PM10 concentration (µg m-3), fungi concentration (cfu m-3) 
and bacteria concentration (cfu m-3) in houses where remediation was still 'in-progress' 
and those where it was already 'completed'.  
 PM10  
In 
PM10 
Out 
PN 
 In 
PN 
Out 
Fungi 
In 
Fungi 
Out 
Bacteria 
In 
Bacteria 
Out 
Completed houses (16)           
Average 16  12  3.15  2.64  699  915  227  128 
S.D 7  3  1.48  1.28  387  614  139  105 
Min 9  8  0.79  0.72  225  450  75  30 
Max 40  17  5.89  5.07  1594  2950  559  413 
Median 15  12  2.88  2.40  575  763  191  105 
                
In-progress houses (8)              
Average 22  11  3.36  2.93  1719  2184  147  112 
S.D 18  2  1.70  1.38  1317  2393  69  66 
Min 10  9  1.21  1.09  875  650  63  47 
Max 65  14  5.89  5.41  4850  7683  284  233 
Median 16  11  3.04  2.66  1413  1209  125  87 
             
Ratio+ 1.32  0.93  1.07  1.11  2.46*  2.39  0.65  0.88 
Ratio# 1.11  0.91  1.06  1.11  2.46  1.58  0.66  0.83 
Note: *: p < 0.05 for the two group houses comparisons; +: ratio of average 
concentration of in-progress houses and average concentration of completed houses; #: 
ratio of median concentration of in-progress houses and median concentration of 
completed houses. Italics have been used to indicate data pairs where the difference is 
statistically significant.  
 
 
Table S7. Summary of Pearson correlation analysis results for indoor and outdoor 
PM10, PN, fungi and bacteria concentrations, as well as indoor dust inorganic elemental 
concentration in AFH. 
R 
PM10 
In 
PM10 
Out 
PN 
In 
PN 
Out 
Fungi 
In 
Fungi
Out 
Bact 
In 
Bact 
Out 
Chem# 
PM10 In 1 0.30 0.62* 0.06 -0.07 -0.06 0.35 -0.02 -0.09 
PM10 Out  1 0.58* 0.41 -0.24 -0.18 0.04 -0.08 0.33 
PN In   1 0.75* -0.09 -0.04 0.31 0.31 -0.07 
PN Out    1 0.08 0.09 0.12 0.41 -0.22 
Fungi In     1 0.93* -0.06 0.37 0.09 
Fungi Out      1 0.09 0.43* 0.09 
Bacteria In       1 0.28 -0.21 
Bacteria Out        1 -0.08 
Chemic         1 
Note: *: p < 0.05 for correlation; #: total mass concentration for all elements 
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Table S8. Summary of Pearson correlation analysis results for indoor and outdoor 
PM10, PN, fungi and bacteria concentrations, as well as indoor dust inorganic elemental 
concentration in NFH. 
R 
PM10 
In 
PM10 
Out 
PN 
In 
PN 
Out 
Fungi 
In 
Fungi
Out 
Bact 
In 
Bact 
Out 
Chem# 
PM10 In 1 0.69* 0.47* 0.36 0.21 0.18 0.14 -0.40 0.06 
PM10 Out  1 0.63* 0.52* 0.29 0.19 -0.15 -0.30 0.18 
PN In   1 0.83* 0.10 0.03 0.01 -0.18 0.18 
PN Out    1 0.12 0.10 0.03 -0.13 0.12 
Fungi In     1 0.96* -0.53* -0.54* 0.15 
Fungi Out      1 -0.48 -0.51* 0.08 
Bacteria In       1 0.26 -0.35 
Bacteria Out        1 -0.22 
Chemic         1 
Note: *: p < 0.05 for correlation, #: total mass concentration for all elements  
 
 
 
Table S9. A list of the most relatively abundant elements (%) in this study and 
Robertson et al. (2005)  
   AFH      (%)  NFH   (%)     Robertson*(%) 
Na  35.79  Na  40.55      
Ca  28.88  Ca  15.36  Ca  60.13 
Al  11.47  Al  11.81  Al  20.05 
Fe  9.14  Fe  12.18  Fe    
K  8.31  K  15.41  K  13.70 
Mg  3.72  Mg  3.44  Mg  4.83 
Pd  1.43  Pd  0.12  Ba  0.91 
Zn  0.70  Zn  0.74  Sr  0.15 
Cu  0.22  Cu  0.01  Rb  0.13 
Sr  0.20  Sr  0.09  Bi  0.06 
Hg  0.06  Cd  0.06  Li  0.04 
Note: *: The percentage values from Robertson’s study were calculated based on the 
average data in the paper.  
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Figure S1: Schematic diagram of the instrumental set up for indoor and outdoor 
measurements and fungi and bacteria sampling.  
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Figure S2 Comparison of the percentage of isolated fungi genus from the first and 
second round of measurements for the 26 houses that participated in both rounds (In: 
Indoor; Out: Outdoor; F: flood affected house, NF: non-affected house)  
 
 
 
 
Figure S3. The average inorganic elemental concentrations of the two groups of houses. 
The vertical lines present standard deviation. 
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Figure S4. The average percentage contribution of each element to the total elemental 
concentrations for the two groups of houses. The vertical lines present standard 
deviation. 
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